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Sustainable wood production requires appropriate management of commercial forest plantations. Establishment 
of industrial eucalypt plantations on poor sandy soils leads to a high loss of nutrients including nitrogen (N) after 
wood harvesting. An ecological intensification of eucalypt plantations was tested with the replacement of half of the 
Eucalyptus urophylla × E. grandis by Acacia mangium in the eucalypt monoculture to sustain soil fertility through 
enhancement of the N biological cycle. A randomised block design was set up on ferralitic arenosol in the Congolese 
coastal plains to assess differences in soil N mineralisation, N fluxes in litterfall, and N stocks in forest floor litter and 
soil between pure acacia (100A), pure eucalypt (100E) and mixed-species treatments (50A50E). Soil N mineralisation 
was enhanced under acacia, reaching on average 0.17 and 0.15 mg kg−1 soil d−1 in 100A and 50A50E, respectively, 
compared with 0.09 mg kg−1 soil d−1 in 100E. Higher amounts of N returning to the soil through harvest residues and 
litterfall were observed under acacia than under eucalypt. However, N stock in mineral soil was not increased in 100A 
and exhibited a limited increase only in the top soil layer of 50A50E. Our results suggest a much faster N turnover 
under acacia than under eucalypt. Although A. mangium is an exotic N2-fixing tree in central Africa, it appears to be 
well adapted to the climatic and edaphic conditions of the Congo, showing an efficient growth strategy. Eucalypt trees 
could benefit from the increase in soil N availability in mixed-species stands.
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Forest plantations in the tropics are often established on 
native grasslands or degraded pastures that are generally 
poor in nutrients (Cossalter and Pye-Smith 2003), 
especially if the soils are sandy (Martinelli et al. 1999). 
Eucalyptus is the most widely planted hardwood genus 
(FAO 2010), but these plantations can have a strong 
impact on water, carbon and nutrient cycles; their sustain-
ability is a concern also because they are usually harvested 
every 6–7 years, which entails high nutrient export and 
has implications for nutrient balance (Laclau et al. 2010). 
The amount of nitrogen (N) in the soil inherited from prior 
vegetation can be sufficient to cover tree requirements 
over the first rotation (Gonçalves et al. 2008; Rothe et al. 
2002) but, as N availability is often a factor limiting eucalypt 
growth, additional N input may be required to ensure high 
and sustainable stand production (Laclau et al. 2010). 
Fertilisers are therefore often used in commercial eucalypt 
plantations, but they can be expensive and potentially 
contribute to water eutrophication (Binkley et al. 1999). 
Ecological intensification of forest plantation manage-
ment offers an alternative strategy, and introducing N-fixing 
species such as acacias into eucalypt stands could be a 
promising way to ensure their sustainability (Parrotta et 
al. 1999; Forrester et al. 2005; Kelty et al. 2006). In the 
Congo, planting Acacia mangium with Eucalyptus can 
improve stand production in warm humid tropical conditions 
on nutrient-poor soils by increasing N soil availability 
(Bouillet et al. 2013). However, including N-fixing species in 
mixed-species stands sometimes has a negligible or even 
negative effect on total production (Forrester et al. 2006; 
Firn et al. 2007; Bouillet et al. 2013).
Commercial eucalypt plantations have been established 
in the coastal savanna around Pointe-Noire, Republic of 
the Congo, since 1978. The soils are sandy, acidic and 
poor in nutrients (Mareschal et al. 2011; Koutika et al. 
2014), and their long-term fertility under eucalypts is a 
matter of concern. Nitrogen availability, in particular, is the 
main factor limiting tree growth (Bernhard-Reversat 1996; 
Nzila et al. 2002), and afforestation led to a deficit of about 
110 kg N ha−1 during the first seven-year rotation (Laclau 
et al. 2005). However, the introduction of acacias into 
these plantations has been shown to increase soil carbon 
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(C) content and N content, and had a positive effect on 
wood biomass production in the first rotation (Epron 
et al. 2013; Koutika et al. 2014). Thus, it appears that 
associating A. mangium and eucalypts in plantations in 
the Congo may be a promising way of balancing the soil N 
budget and improving soil N availability through N2 fixation 
and N recycling. 
In this study, we hypothesised that introducing A. mangium 
into E. urophylla × E. grandis plantations improves the 
N status of the stands on nutrient-depleted soils. The 
objectives were (1) to estimate N stocks and N recycling 
through litterfall under eucalypt and acacia in both pure 
and mixed-species treatments, and (2) to quantify soil N 
mineralisation and the potential of A. mangium for enhancing 
N cycling.
Materials and methods
Study site
The study site lies about 35 km from Pointe-Noire city, 
close to the village of Tchissoko (4° S, 12° E; altitude 
100 m), on a deep ferralic arenosol atop a geological 
bedrock composed of thick detritic layers of continental 
origin dating from the Plio-Pleistocene. Soils in this area 
are characterised by very low cation exchange capacity 
(<0.5 cmol kg−1), high sand content (>90%), very low clay 
and silt content (6% and 2%, respectively) and low iron 
oxide content (<1.5% of the bulk soil) (Mareschal et al. 
2011). Topsoil N concentrations in eucalypt stands are 
typically under 0.05%, C concentrations below 1.2% and 
pH (H2O) below 4.6 (Koutika et al. 2014). The topography 
is slightly undulating. The climate of the coastal plain 
is characterised by high atmospheric humidity (85% on 
average, with low seasonal variations of 2%) and a mean 
annual rainfall of about 1 200 mm with a marked dry season 
from June to September. The mean annual tempera-
ture is high (25 °C) with seasonal variations of about 5 °C. 
During the study, an automatic weather station connected 
to a data logger (CR1000, Campbell Scientific, Logan, UT, 
USA) recorded daily rainfall (rain gauge ARG100, Institute 
of Hydrology, Wallingford, UK) and temperature at the site.
The original vegetation was a native tropical savanna 
dominated by Loudetia arundinacea (Hochst.) Steud. The 
savanna was afforested in 1984 with a clone of E. saligna, 
which was harvested in 2003. In May 2004, an experimental 
trial consisting of a randomised complete block with five 
replications was established. Each block consisted of three 
plots of 10 × 10 trees (100 trees) at a density of 800 trees 
ha−1 made up of either 100% A. mangium (100A), 100% 
E. urophylla × E. grandis (100E) or a 1:1 mixture of the two 
species (50A50E) (Epron et al. 2013; Koutika et al. 2014). 
In the 50A50E treatment, the two species were planted 
alternately along each row (replacement treatment). The 
spacing between rows was 3.75 m, with 3.33 m between 
the trees in a row. These are current densities used in 
commercial plantations and are optimal regarding stem wood 
production in eucalypt monocultures at this site. Glyphosate 
applications had been used to devitalise the stumps of the 
previous stand rotation as well as for weed control. A starter 
fertilisation of 43 kg ha−1 of N (as ammonium nitrate) was 
applied. The trial was harvested in January 2012.
A new trial was planted in March 2012 using the same 
experimental design and the same species planted at the 
same locations as previously, just beside the stumps. The 
starter fertilisation was 150 kg ha−1 KCl. In order to promote 
the biological fixation of atmospheric N by the acacia trees, 
N fertilisers were not applied at the beginning of the second 
rotation, given that high concentrations of N in the soil 
may inhibit nodule initiation and specific N2-fixing activity 
(Streeter 1988). This study was carried out in three of the 
five blocks.
In situ incubation method
Net N mineralisation was monitored monthly from January 
2012, just after harvesting the previous stand, until 
December 2013 in the nine plots (three treatments × three 
blocks). Undisturbed soil cores were isolated and incubated 
in situ inside PVC cylinders (7.5 cm in inner diameter and 
30 cm in length), three per plot in 100A and 100E, and six 
per plot in 50A50E (three in the vicinity of acacia and three 
in the vicinity of eucalypt trees). The cores were located 
25, 125 and 250 cm away along a transect starting from 
one tree and ending at the centre of the area delimited 
by four trees (Figure 1) and driven 20 cm into the soil 
with a hammer, leaving 10 cm of the 30 cm tube above 
the ground. The cores were incubated for one month with 
the top of the PVC cylinder covered to avoid lixiviation of 
mineral N by rain. Lateral holes under the polyethylene 
cap allowed the air to circulate. At each sampling date, a 
non-incubated soil core (0–20 cm) was also taken from 
next to each incubated core (i.e. three per plot in 100A and 
100E, and six per plot in 50A50E) in order to quantify the N 
mineral content (NH4+ plus NO3−) of the soil at the beginning 
of the incubation period (Raison et al. 1987; Voigtlaender et 
al. 2012). For mineral N extraction, soils were suspended 
in KCl solution (1:5 soil-to-solution, 1 M KCl); extracts were 
analysed for NO3− and NH4+ by colorimetry (SAN++, Skalar, 
Breda, The Netherlands). 
Net nitrification was calculated as the difference between 
the final NO3−-N content of the soil inside the cylinder at the 
end of the incubation period and the initial NO3−-N content 
of the adjacent soil cores at the beginning of the incubation 
period. Net N mineralisation was calculated likewise, using 
(NH4+-N + NO3−-N) instead of NO3−-N.
Soil sampling and soil analyses
Soil sampling was carried out in December 2011, two 
weeks before harvest, in the same plots as sampled for 
N mineralisation. Sampling was carried out in the central 
part of each plot to avoid edge effects. In each plot, nine 
soil samples in 100A and 100E and 18 in 50A50E were 
collected and separated into four layers (0–0.05 m, 
0.05–0.10 m, 0.10–0.15 m and 0.15–0.25 m) using 5 × 5 cm 
sampling cylinders (Koutika et al. 2014). In 100A and 100E 
we randomly selected three trees, and in the 50A50E six 
trees, comprising three acacias and three eucalypts. For 
each selected tree, we took three soil samples along a 
transect as described above (Figure 1). The total number 
of sampling points was 27 in both 100A and 100E, and 54 
in 50A50E. The soil samples were air-dried and sieved to 
2 mm, and root fragments were removed. Bulk density was 
calculated by dividing the oven-dried soil mass, measured 
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on a subsample dried at 105 °C, by the volume of the 
sampling cylinders. Total C and N concentrations were 
assessed by combustion with an elemental analyser (NCS 
2500, Thermoquest, Milan, Italy) and the N stock in each 
soil layer was calculated by multiplying the N concentration 
by the bulk density and thickness of the soil layer.
Nitrogen in forest floor, harvest residues and litterfall
Before the 2004–2012 trial was harvested, forest floor 
litter was collected using a square metallic frame (50 cm × 
50 cm) in each treatment. Four (100A, 100E) and six 
(50A50E) randomly distributed samples were collected in 
each plot. The samples were oven-dried at 65 °C, weighed 
and ground before N analyses.
The mass of bark and leaves left as harvest residues 
after harvesting was estimated by sampling 10 trees per 
treatment just before harvesting. The sampled trees were 
selected so as to be representative of the plot, taking into 
account the statistical distribution of the cross-sectional 
area in each treatment, as derived from circumference 
inventory data. The fresh mass of leaves and bark of the 
selected trees was measured in the field and subsamples 
were brought back to the laboratory, oven-dried at 65 °C, 
weighed and ground before N analyses. Allometric relation-
ships were then established between the diameter and 
height of a tree and its mass of leaves and bark, and 
applied to the plot inventories, thereby estimating the mass 
of leaves and bark in each plot (see Epron et al. 2013 for 
the detailed procedure). 
After planting the new trial, the above-ground litterfall was 
collected in traps (75 cm × 75 cm) placed at the base of the 
trees and at the centre of the area delimited by four trees. 
The number of traps was four in the 100A and 100E, and 
eight in 50A50E. The contents of the traps were collected 
every week to avoid nitrogen leaching, and the samples 
pooled per month from June to December 2013. No litter-
fall occurred before June 2013 because the trees were too 
young. In the mixed-species stands, the litter collected was 
sorted according to species. The samples were oven-dried 
at 65 °C, weighed and ground before analysis.
Nitrogen in litterfall, forest floor and harvest residues was 
measured on subsamples after combustion in an elemental 
analyser (NCS 2500, Thermoquest). Nitrogen stocks in 
forest floor and harvest residues and N flux in litterfall were 
calculated by multiplying their N concentration by their 
respective dry mass.
Statistical analyses
Differences between treatments regarding C and N concen-
trations, N stocks in soil, in forest floor, in harvest residues 
and soil N mineralisation were assessed using analysis of 
variance with a threshold level of P < 0.05. Homogeneity of 
variance was tested with Levene’s test. Treatment means 
were compared using Student–Newman–Keuls’ multiple 
range tests (UNISTAT® 6.5, UNISTAT, London, UK).
Results
Nitrogen and carbon 
Harvest residues were significantly greater in both 100A and 
50A50E than in 100E (11.3, 11.6 and 7.7 Mg ha−1, respec-
tively) and their N concentrations significantly higher (two 
to three times greater) in acacias than in eucalypts: 3.1% 
(100A) vs 1.6% (100E) in leaves, and 1.2% (100A) vs 
0.37% (100E) in bark (Table 1). Nitrogen concentrations in 
eucalypt harvest residues in 50A50E exhibited lower values 
than for acacias in the same treatment. Nitrogen stocks in 
harvest residues were 3.4 and 2.6 times greater in 100A 
and 50A50E, respectively, than in 100E (Table 1). Nitrogen 
concentrations and stocks on the forest floor differed 
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Acacia mangium Eucalyptus urophylla × E. grandis Incubated soil core Soil sampling
Figure 1: Schematic representation of the soil sampling in the 50A50E treatment and position of the incubated soil cores
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significantly between treatments with higher values in 100A 
than in 100E (Table 1). 
Soil N concentrations decreased with depth, ranging from 
0.050–0.064% in the 0–0.05 m soil horizon to 0.027–0.028% 
in the 0.15–0.25 m soil horizon. In the uppermost soil 
horizon, N concentrations were significantly higher under 
50E50E than under 100E, but in lower horizons N concen-
trations did not differ between treatments.
Soil N stocks also decreased with increasing depth in all 
treatments. They ranged from 0.38 to 0.31 Mg ha−1 in the 
0–0.05 m soil layer, with 100E ≤ 100A ≤ 50A50E. In this 
layer, the N stock under 100E was not significantly different 
to that under 100A but was significantly lower than that 
under 50A50E (Table 1). No significant difference was 
observed between treatments in the deeper soil layers.
Soil C concentrations decreased with depth, ranging from 
1.18–0.87% in the 0–0.05 m soil horizon to 0.32–0.30% 
in the 0.15–0.25 m soil horizon, depending on the 
treatment. The pattern observed was the same as with 
N: in the 0–0.05 m soil horizon, C concentrations were 
significantly higher under 50E50E than under 100E, but 
in lower horizons C concentrations did not differ between 
treatments. The C:N ratios decreased with increasing 
depth, ranging from 17 to 18 in the 0–0.05 m soil layer to 
11 in the deeper layers. No significant difference between 
treatments was observed (Table 1). 
Soil net N mineralisation
The N mineral content of the soil increased considerably in 
the non-incubated soil samples during the first year after 
replanting, in all treatments (Figure 2a). Values peaked at 
45 kg ha−1 in 100A, 33 kg ha−1 in 50A50E and 23 kg ha−1 in 
100E. This was followed by a marked decrease of mineral 
N in the soil of all treatments, after which, during the second 
year of monitoring, the amount of mineral N remained 
stable and <14 kg ha−1. Mineral N content was significantly 
greater under 100A than under 100E from January 2012 
to August 2012 and from August 2013 to December 2013. 
During the last four months of the second year, mineral N 
content remained significantly greater in 100A than in both 
other treatments.
During the first year, the maximum monthly rate of N 
mineralisation was observed in 50A50E, whereas in the 
second year it was observed in 100A (Figure 2b). Nitrogen 
mineralisation was significantly greater under 100A than 
under 100E from January 2012 to March 2012 and from 
February 2013 to October 2013. Nitrogen mineralisation 
in 100E never significantly exceeded that under 100A and 
50A50E over the study period. In all treatments, N minerali-
sation decreased in June, July and August, which are the 
driest and coldest months of the year (Figure 2b and c). 
Overall, the seasonal pattern of N mineralisation reflected 
the seasonal variations of rainfall and temperature.
Sample characteristic 100A 50A50E* 100E
Nitrogen concentration (%)
Harvest residues (leaves) 3.11 ± 0.11a 2.74 ± 0.07b / 2.20 ± 0.08c 1.62 ± 0.07d
Harvest residues (barks)                             1.17 ± 0.03a 1.19 ± 0.03a / 0.44 ± 0.01b 0.37 ± 0.02b
Forest floor litter 1.66 ± 0.16a 1.00 ± 0.59ab 0.44 ± 0.06b
Nitrogen stock (kg ha–1)
Harvest residues 231 ± 4a 175 ± 22b 67 ± 4c
Forest floor litter 254 ± 36a 144 ± 5b 72 ± 6c
Nitrogen concentration in soil (%)
0–0.05 m 0.058 ± 0.003ab 0.064 ± 0.003a 0.050 ± 0.004b
0.05–0.10 m 0.041 ± 0.001 0.042 ± 0.001 0.038 ± 0.001
0.10–0.15 m 0.038 ± 0.001 0.035 ± 0.001 0.036 ± 0.001
0.15–0.25 m 0.027 ± 0.001 0.028 ± 0.001 0.028 ± 0.001
Nitrogen stock in soil (Mg ha–1)
0–0.05 m 0.35 ± 0.04ab 0.38 ± 0.04a 0.31 ± 0.03b
0.05–0.10 m 0.27 ± 0.01 0.28 ± 0.02  0.26 ± 0.01
0.10–0.15 m 0.26 ± 0.01 0.24 ± 0.01  0.25 ± 0.01
0.15–0.25 m 0.38 ± 0.01 0.39 ± 0.03  0.36 ± 0.01
Carbon concentration in soil (%)
0–0.05 m 0.99 ± 0.07b 1.18 ± 0.08a 0.87 ± 0.09b
0.05–0.10 m 0.59 ± 0.03 0.56 ± 0.02 0.49 ± 0.03
0.10–0.15 m 0.40 ± 0.01 0.42 ± 0.01 0.43 ± 0.02
0.15–0.25 m 0.30 ± 0.01 0.32 ± 0.01 0.31 ± 0.01
C:N in soil
0–0.05 m 16.9 ± 0.5 17. 8 ± 0.5 17.09 ± 0.5
0.05–0.10 m 14.2 ± 0. 5 13.3 ± 0.35 13.0 ± 0.6
0.10–0.15 m 10.6 ± 0.3 12.0 ± 0.2 12.0 ± 0.3
0.15–0.25 m 11.1 ± 0.3 11.2 ± 0.3 11.2 ± 0.1
* In the 50A/50E treatment, N concentrations of harvest residues were measured separately for acacias and eucalyptus
Table 1: Nitrogen concentrations and stocks in harvest residues (leaves and bark), in forest floor litter, soil nitrogen (N) and carbon (C) 
concentrations, soil N stocks and soil C:N ratios in the soil layers at the beginning of the monitoring in 100A, 100E and 50A/50E treatments. 
Values are means ± SE from three replicate blocks. Different letters within a row indicate that means are significantly different (p < 0.05). 
Nitrogen and C concentrations in soil were adapted from Koutika et al. (2014)
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The cumulative production of ammonium and nitrate 
(Table 2) over the study period differed significantly between 
treatments, with 343, 287 and 189 kg ha−1 in 100A, 50A50E 
and 100E, respectively. The proportion of nitrate produced 
over the entire study period was similar in all treatments. 
The NO3−/(NO3− + NH4+) ratio was 0.54, 0.56 and 0.55 in 
eucalypt, acacia and mixed-species stands, respectively.
Nitrogen in litterfall
Litterfall mass differed significantly between 100A, 50A50E 
and 100E, with mean values of 0.48, 0.32 and 0.26 Mg ha−1 
month−1, respectively. The two species contributed equiva-
lently to the litterfall in 50A50E (0.16 Mg ha−1 month−1 each; 
Figure 3a). 
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Figure 2: Mineral nitrogen (N-NO3− and N-NH4+) in the 0–20 cm soil layer at each sampling date in the pure acacia and eucalypt treatments 
(100A and 100E) and in the mixed-species treatments (50A50E) (a) and N mineralisation in the 0–20 cm soil layer (b) over the study period. 
Standard errors are indicated by vertical bars (n = 3). (c) Monthly rainfall and mean air temperature at the experimental site over the study 
period; the vertical bars indicate the monthly variation of temperature
100A 50A50E 100E
N-NH4+ 150 ± 9a 130 ± 8a 87 ± 6b
N-NO3− 193 ± 12a 157 ± 10b 102 ± 7c
N-NH4+ + N-NO3− 343 ± 21a 287 ± 17b 189 ± 12b
Table 2: Cumulative net production of N-NH4+, N-NO3− and 
N-NH4+ + N-NO3− (kg ha–1) over two years in the 100A, 100E and 
50A50E treatments. Values are means ± SE from three replicate 
blocks. Different letters indicate that means are significantly 
different (p < 0.05)
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Nitrogen concentrations in litterfall were twice as high 
in 100A as in 100E (1.54% vs 0.76%). The amount of N 
that returned to the soil through this pathway was 3.8 times 
higher in 100A than in 100E (7.4 kg ha−1 month−1 vs 2.0 kg 
ha−1 month−1; Figure 3b). Nitrogen flux in 50A50E was 
intermediate (3.7 kg ha−1 month−1).
Discussion
Changes in nitrogen content of biomass and soil
The N stocks in the forest floor and in the harvest residues, 
quantified when the plantations were harvested at the 
beginning of the study, were significantly higher under 
50A50E and 100A stands than under 100E stands. These 
N stocks were directly related to both their dry mass and 
their N concentration; the amount of harvest residues 
was over 1.5 times higher in both 100A and 50A50E than 
in 100E. This is in line with previous results in this site 
showing higher growth, higher biomass at harvest and 
higher leaf area index in 100A and 50A50E than in 100E 
(Bouillet et al. 2013; Epron et al. 2013). Nitrogen concen-
trations in harvest residues were two to three times higher 
than in 100E. This, together with the aforementioned larger 
amount of harvest residues in the presence of acacias, 
leads to higher N stocks left at the end of the first rotation. 
In the same way, the N stocks in the forest floor at the end 
of the first rotation, were 3.8 higher in 100A and 2.3 higher 
in 50A50E than in 100E (Table 1). Thus, the initial stocks of 
N in the forest floor plus harvest residues left after the clear 
cut were 485, 319 and 139 kg ha−1 in 100A, 50A50E and 
100E, respectively. The higher N concentrations in acacia 
harvest residues and forest floor compared with eucalypt 
are explained by the high symbiotic N2 fixation enhanced by 
soil N depletion. During the previous rotation, 90% of the N 
content of the acacia biomass in the 50A50E was derived 
from N2 fixation, with 340 kg ha−1 of N fixed over the first 
34 months after planting (Bouillet et al. 2013).
Nitrogen stocks in the soil and forest floor were generally 
greater under N-fixing species than under non-N-fixing 
species (Rothe et al. 2002; Inagaki et al. 2010; Voigtlaender 
et al. 2012). Our results agree well with this overall trend, 
with an amount of N within the forest floor that was 3.5 times 
higher in 100A than in 100E, but the fate of N in the forest 
floor (i.e. mineralisation and uptake) certainly impacts the 
N accretion in the mineral soil. Indeed, while the N stock 
in the top mineral soil (0–0.05 m) tended to increase in 
the presence of acacias, the difference with 100E was 
only significant in the 0–0.05 m soil layer of the treatment 
50A50E. This may be the result of a larger soil N mineralisa-
tion (Table 2) and larger N uptake in 100A than in 50A50E 
given the higher N concentration in the biomass of acacia 
trees than that of eucalypt trees (Koutika et al. 2014). 
Binkley (2005) showed across 19 case studies that 
accretion of 1 g N was associated with an average increase 
of 15 g C (range 4–28 g C g−1 N) in the soil beneath 
N-fixing species in pure stands. In the present study, the 
accretion of 1 g N in the uppermost horizon of the 50A50E 
treatment was associated with an increase of 22 g C, which 
was at the upper end of the range observed in Binkley et 
al. (2005) in pure species stands. However, the limited 
increase in C content, evidenced only in the 0–0.05 m 
layer in 50A50E, may be explained by the short time since 
acacia introduction (7 years) and by the limited potential of 
this Congolese sandy soil regarding organic matter (OM) 
sequestration (Epron et al. 2009; Koutika et al. 2014). 
This is consistent with Laclau et al. (2010), who observed 
in nearby eucalypt plantations that the C content of the 
mineral soil was not significantly affected by contrasted 
management of organic residues. Sandy soils have lower 
potential for OM sequestration than finer-textured soils 
(Stewart et al. 2008), limiting OM and thus organic N 
accretion (Martinelli et al. 1999). 
Nitrogen mineralisation and cycle
Our results show that soil N mineralisation was 82% 
higher under 100A and 53% higher under 50A50E than 
under 100E, although differences in N stock and C:N 
ratio in the 0–25 cm soil layer between the two pure 
treatments were not significant. The higher N minerali-
sation rate observed under acacias in comparison with 
eucalypts is consistent with other studies (Bernhard-
Reversat 1996; Parrotta 1999; Li et al. 2001; Forrester et 
al. 2005; Voigtlaender et al. 2012) and reveals a much 
faster N cycle in the forest floor and topsoil under 100A 
and 50A50E than under 100E. 
It is well known that the rate of litter decomposition, 
N mineralisation and nitrification in forest ecosystems is 
influenced by the quantity and quality of OM, in particular 
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Figure 3: Mean monthly litterfall dry matter (a) and nitrogen fluxes 
in litterfall (b) in the pure acacia and eucalypt treatments (100A and 
100E) and in the mixed-species treatments (50A50E). Vertical bars 
indicate the SE between blocks (n = 3)
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the C:N and lignin:N ratios, which vary from species to 
species (Scott and Binkley 1997; Persson et al. 2000). For 
example, Andrianarisoa et al. (2010) observed a strong 
relationship between litterfall C:N and nitrification. Given 
that N stocks and C:N ratios in the mineral soil were not 
significantly different in 100A and 100E, the greater N 
mineralisation observed in the mineral soil under acacias 
could be explained by the preferential mineralisation of 
recent N-rich OM from this species. These inputs of recent 
OM into the mineral soil could be imputed to leachates of 
dissolved organic N, particles of OM from the forest floor 
and/or the decomposition of acacia fine roots, all of which 
are likely to be quickly mineralised. Although it is generally 
assumed that a low C:N ratio enhances net N mineralisa-
tion and microbial activity (Berg and Matzner 1997), some 
studies have shown that the addition of N to OM failed 
to stimulate its decomposition and in some cases even 
reduced microbial activity (Fog 1988; Michel and Matzner 
2002; Craine et al. 2007). Additional studies on OM quality 
and its biodegradation are necessary to gain a deeper 
understanding of how the different pools are linked and 
interact during the process of mineralisation.
The NH4+/NO3− ratio of mineralized N in the soil varied 
little between treatments and averaged 0.82 (ranging from 
0.79 to 0.85), which is very different from the NH4+/NO3− 
ratios found outside the cylinders, which ranged from 0.8 
under acacias to 2.5 under eucalypts. Little is known about 
the preferential form of mineral N taken up by the acacias 
and eucalypts, but the difference in the NH4+/NO3− ratio with 
and without root uptake suggests a preferential uptake of 
NO3−, especially in the case of eucalypt trees. This seems 
to contrast with the findings of Garnett et al. (2001, 2003), 
who showed with ion-selective microelectrodes that 
one-month-old Eucalyptus nitens and E. globulus seedlings 
had a higher uptake of ammonium than nitrate. 
One year after the replantation, the N concentrations 
in litterfall collected under acacias were two times higher 
than those under eucalypts (1.54% vs 0.76%). At our 
site, N concentration in litterfall of acacias was within 
the same range that the N concentrations reported in 
several studies (0.7–2.1%) for this species (Hardiyanto 
and Wicaksono 2008; Kunhamu et al. 2009; Inagaki et al. 
2011; Sugimoto et al. 2013). The N flux back to the soil 
was 3.8 times greater in 100A than in 100E, and 50A50E 
exhibited intermediate values (Figure 3b). The contrasting 
behaviour between 100A and 100E we found in the Congo 
was more pronounced than that observed in mature 
stands in Brazil (Voigtlaender et al. 2012), where annual 
N flux through litterfall averaged 98, 63 and 49 kg ha−1 y−1 
in 100A, 50A50E and 100E, respectively. The values of N 
flux in litterfall and of mineralised N suggest an enhanced N 
turnover under acacias compared with eucalypts. 
Conclusion
Comparing soil N stocks might not be the best way to 
assess the effect of different tree species on N cycling 
rate and soil fertility: in equatorial climates with fast OM 
mineralisation, N returning to the soil through litterfall is 
more likely to reflect soil N availability than the N stocks of 
the mineral soil. 
Introducing Acacia mangium appeared as a promising 
way to ensure the sustainability of eucalypt plantations 
established on N-depleted soils. We showed that the N 
cycle is much faster in pure acacia and mixed acacia/
eucalypt stands than in pure eucalypt stands. This study 
therefore suggests that reducing the application of N 
fertiliser in eucalypt commercial plantations is possible 
by capitalising on the facilitation processes at work 
between the legume trees (or legume understory) and the 
eucalypts, thereby contributing to maintain soil sustain- 
ability. However, more studies are needed on the ecological 
processes between N-fixing and non-N-fixing trees, 
focusing in particular on understanding the modalities of N 
transfer between tree species, whether via interconnected 
mycorrhizal networks, biological cycling or exudation.
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